The effects induced by aneugenic agents on chromosome segregation are manifold. The biological relevance of these effects has led to the development of assays specifically detecting aneugens. In this context, the micronucleus (MN) assay in binucleated human lymphocytes along with FISH has been considered a pertinent tool for detecting aneugenic and clastogenic activity. However, the MN assay is insensitive in detecting aneugenic effects other than chromosome loss. By using the aneugenic model compound colchicine and X chromosome centromere-specific FISH, we have shown that besides chromosome loss in binucleated cells, other effects such as MN in mononucleated cells, cells arrested at metaphase, polyploidy and non-disjunction are also consistently induced by aneugenic agents. A chromosome 1 centromeric probe was used simultaneously with X chromosome centromeric labeling in mononucleated cells in order to distinguish polysomy from polyploidy. It is concluded that all these effects should be considered for a comprehensive evaluation of aneugenic activity.
Introduction
Germline aneuploidy is a very important chromosome abnormality affecting at least 0.3% of newborns and ~50% of spontaneous abortions (Hassold and Jacobs, 1984; Hecht and Hecht, 1987) . In addition, somatic aneuploidy is commonly observed in animal and human tumors (Sandberg, 1987) , indicating that aneuploidy plays a significant role in the development of cancer. Taking into account the relevance of the process leading to numerical chromosomal abnormalities, it is important to find out more about the mechanisms underlying aneuploidy as well as to develop assays allowing easy detection of such a situation.
The cytokinesis blocked micronucleus assay (Fenech and Morley, 1985) has been proposed as a suitable tool to detect aneuploidy induction, mainly when coupled to methodologies distinguishing micronuclei (MN) induced by aneugens from those induced by clastogens. In the past different methods have been proposed to determine the origin of MN, such as MN size (Yamamoto and Kikuchi, 1980; Ferguson etai, 1993) , DNA content measurements (Heddle and Carrano, 1977; Vanderkerken et ai, 1989) and detection of kinetochore proteins with CREST antibodies (Moroi et ai, 1980; Degrassi and Tanzarella, 1988) . At present, fluorescence in situ hybridization (FISH) with DNA probes detecting pericentromeric regions is a valuable approach of increasing interest (Becker etai, 1990; Salassidis etai, 1992; Surralles etai, 1995) .
However, FISH methodologies applied to determine the origin of MN only allow detection of chromosome loss, which is but one of the effects induced by aneuploidy-inducing agents. Nevertheless, Zijno etai (1994) proposed an easy approach for simultaneous detection of chromosome loss and nondisjunction in binucleated cells. They used specific probes for centromeric sequences of defined chromosomes, analyzing the distribution of the four signals in the daughter nuclei of binucleated cells.
The frequencies of MN induced by known aneugens are usually lower than those induced by clastogens. A possible explanation is that aneugens not only induce chromosome loss but also non-disjunction, polyploidy and cell arrest at metaphase, which remain undetected by the MN assay. Recent reports have proved that non-disjunction is indeed the predominant damage induced by exposure to spindle poisons (Kirsch-Volders etai, 1996; Zijno etai, 1996) . A detailed study of the different aneugenic effects induced in human cultured lymphocytes by colchicine, a well-known aneugenic compound, has been carried out to obtain further insight into the suitability of centromeric FISH for detection of these effects.
Materials and methods
Cell culture Blood was obtained by venipuncture from three healthy non-smoking women aged 23, 25 and 29 years. The cultures were established as previously described by Surralles etai. (1992) ; 0.5 ml whole blood was added to 4.5 ml culture medium containing RPMI 1640, 159b heat-inactivated fetal calf serum, antibiotics and L-glutamine. Lymphocytes were stimulated by adding 1% phytohaemagglutinin (PHA) to the culture. All the medium components were obtained from Gibco (Eragny, France). The cultures were then incubated at 37°C for 72 h and the cytokinesis blocking agent cytochalasin B (Cyt-B) was added 44 h after PHA stimulation at a final concentration of 6 ng/rnl.
Chemical treatment
A fresh solution of colchicine (CAS no. 64-86-8, 95% purity; Sigma Chemical Co., St Louis, MO) was prepared in sterile distilled water. The concentrations tested were 0.01, 0.02 and 0.03 Hg/m], in addition to an untreated control culture. Treatments were performed 24 h after culture initiation.
Harvesting and slide preparation
Cells were fixed according to Surrall6s etai. (1992) . Briefly, lymphocytes were collected by centrifugation at 200 g for 10 rrun, resuspended in RPMI 1640 medium, treated with hypotonic solution (2-3 min in 0.075 M KC1 at room temperature) and then gently fixed three times with methanol:acetic acid (5:1 v/v). Fixed material was dropped onto slides, dried at room temperature overnight and stored at -20°C until FISH.
Fluorescent in situ hybridization
FISH was performed with a human a-satellite-specific probe for the X chromosome, directly labeled with Cy3 (Amersham Life Science, Arlington Heights, IL), following the protocol recommended by the manufacturer. To differentiate polyploidy from polysomy in monucleated cells, a digoxigeninlabeled classical satellite-specific probe for chromosome 1 (Boehringer Mannheim) was also used. The slides were denatured in 70% formamide, 2X SSC for 2 min at 70°C and then dehydrated in a series of ice-cold ethanol washes (70% for 5 min and 90 and 100% for 2 min each) and dried at room temperature. The probe was denatured at 70°C for 5 min, then placed immediately on ice, applied to the slide and incubated overnight at 37°C in a moist chamber. After hybridization, slides were washed in 65% formamide.
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2X SSC (15 min, 37°C), then washed in 2X SSC (8 mm, 37°C) and in 4X SSC, 0.1% Tween 20 (5 min, room temperature) and incubated with 1% blocking reagent in 4X SSC for 15 min at 37°C. After a wash in 4X SSC, 0.1% Tween 20 (5 min, room temperature), the digoxigenin-labeled probe was immunodetected using a mouse monoclonal anti-digoxigenin antibody (Sigma Chemical Co., St Louis, MO), followed by sheep FTTC-conjugated anti-mouse (Boehringer Mannheim) and donkey FITC-conjugated anti-sheep (Sigma) antibodies. After each antibody incubation, three washes in 4X SSC, 0.1% Tween 20 (5 min each) were made. Slides were finally rinsed with phosphate-buffered saline (PBS). A solution of 4',6-diamidino-2-pbenylindoldihydrochloride hydrate (DAPI) (0.01 mg/ml in PBS) was applied to the slides for 5 min to counterstain DNA, followed by a rinse with water. Slides were finally air dried and mounted in anti-fading solution applied to preserve fluorescence.
Cell scoring and index calculation
Toxicity was evaluated by classifying 500 cells according to the number of nuclei. The cytokinesis block proliferation index (CBPI) was calculated following the formula CBPI = [MI + 2MII + 3(MHI + MTV)]Aotal, where MI-M1V represent the number of cells with one to four nuclei (Surralles etal., 1994) . The scoring was performed at X400 magnification using an Olympus BX-50 microscope equipped with a 100 W mercury lamp using a DAPI filter.
To evaluate the incidence of arrested cells at metaphase, 500 cells were analyzed according to the number of nuclei and phase (interphase or metaphase).
The induction of MN was evaluated by scoring a total of 2000 mononucleated and 2000 binucleated cells (when possible) at X1000 magnification under the same microscope using a DAPI filter.
Polyploidy and polysomy were evaluated by scoring 2000 mononucleated cells which were classified according to the number of X chromosome and chromosome 1 signals. Mononucleated cells were classified as normal, polysomic for chromosome X or 1 or polyploid cells. Normal cells are all mononucleated cells that have two or less signals for chromosomes X and 1. Polysomic for chromosome X cells are all mononucleated cells that have two or less signals for chromosome 1 and three or more signals for the X chromosome. Polysomic for chromosome 1 cells are all mononucleated cells that have two or less signals for the X chromosome and three or more signals for chromosome 1. Polyploid cells are all mononucleated cells that have three or more signals for both chromosomes X and 1.
Non-disjunction was evaluated by scoring 2000 binucleated cells (when possible) with four signals, classified according to the distribution of these signals in the daughter nuclei.
Both polyploidy/polysomy and non-disjunction were evaluated at XI000 magnification with the same microscope. To study polyploidy, a filter that simultaneously allows the Cy3 and FITC fluorescence to be seen was used, whilst a filter that only allows detection of Cy3 was used to analyze nondisjunction.
A new index, the so called arrested metaphase cells index, was calculated as AMCI = M/(M + MP), indicating the proportion of mononucleated cells arrested at metaphase (M) with respect to the total of mononucleated cells altered (mononucleated cells arrested at metaphase, mononucleated polyploid cells and mononucleated cells with polysomy of chromosomes X and 1).
Statistical analysis
A log-linear model was used for statistical evaluation of the induction of MN in mononucleated and binucleated cells, formation of polyploidy, induction of non-disjunction and the CBPI and AMCI indices. When a significant response was obtained, a regression analysis was carried out to determine the tendency of the response, followed by a x 2 test to compare treatments versus controls.
A one factor ANOVA was used to evaluate induction of polysomy of chromosomes X and 1 and a paired i-test was used to compare both kinds of polysomy.
Results
Table I shows induction of MN in binucleated human lymphocytes from three different donors. The statistical analysis indicates a dose-related increase in the frequency of MN. In addition, it is observed that the percentage of binucleated cells and the CBPI decreased significantly after increasing the treatment dose.
To determine whether the reduction in frequency of binucleated cells was related to the presence of mononucleated cells arrested at metaphase, 500 cells/concentration were classified 406 according to the number of nuclei. The distribution of interphase cells with 1-4 nuclei as well as the number of mono-and binucleated cells arrested at metaphase were considered. The results are presented in Table n , where a significant increase in frequency of mononucleated cells arrested at metaphase can be observed after colchicine treatment. In addition, increases in frequency of binucleated cells arrested at metaphase were also observed, mainly at the highest concentrations of colchicine. The AMCI quantitatively shows that the proportion of mononucleated cells arrested at metaphase with respect to the total number of divided mononucleated cells increases with concentration.
Table HI shows replicated mononucleated cells that fail in segregation of their chromosomes and that become polyploid or polysomic mononucleated cells. The values obtained indicate that polyploidy levels increase significantly after all colchicine treatments. Regression analysis shows that the highest polyploidy level was found at the lowest concentration tested (0.01 (ig/ml). The results show that there is no effect of treatment on induction of polysomy and that polysomy of chromosome X has the same response to treatment as polysomy of chromosome 1. The only difference observed is at a colchicine concentration of 0.02 (J.g/ml, where higher values for polysomy of chromosome X are observed.
If many of the mononucleated cells in treated cultures are divided cells that fail in cytokinesis or cariokinesis, it is expected that the frequency of micronuclei in mononucleated cells would increase as a consequence of this mixed origin of the type of cells. This is actually confirmed by the data presented in Table IV , where it is shown that the frequency of mononucleated cells with MN increases significantly after colchicine treatment.
The presence of MN in both mononucleated and binucleated cells is an indication of induction of chromosome loss and, therefore, gives a measure of the aneugenic activity of colchicine. However, this drug can also induce chromosome nondisjunction (Table V) , the effect being more evident at the two lower concentrations tested. Nevertheless, this effect of concentration could be biologically irrelevant, as the number of BN cells analyzed was low due to the arresting effect of colchicine at metaphase.
A summary of the data presented in the tables is graphically shown in Figure 1 .
Discussion
The human lymphocyte micronucleus test is considered a well-established system to detect aneuploidy-inducing agents, especially after development of FISH techniques to unequivocally distinguish the origin of the MN (Eastmond et al, 1995) . Nevertheless, more effort towards the refinement of protocols is required in order to find out more about the significance of the interaction of aneugenic chemicals with cellular targets, as well as to increase die current aneugen database. Our study on the overall effects induced by the aneugen colchicine is aimed at adding information on the relevance of the MN test in determinating the aneugenic activity of chemicals.
Firstly, and as expected, the effects induced by colchicine are concentration dependent, in accordance with previously published data (Elhajouji etal, 1995) . This would indicate that the concentrations assayed have induced enough damage to the microtubules to affect their union with the chromosomes (Crebelli and Carere, 1993) . to 4 indicate cells with 1-4 nuclei; Met 1 and Met 2 indicate mononucleated and binucleated cells arrested at metaphase respectively. AMCI, arrested metaphase cells index. 'P « 0.001 (x 2 ). With reference to evaluation of the frequency of MN in This staining method has been shown to be more effective in binucleated cells carried out in this work, it must be pointed detection of MN of small size (Surrall6s etal., 1995) . out that to stain the cells we used DAPI instead of Giemsa.
In significant reduction in the proportion of BN cells is observed. Classically, this sort of reduction after chemical treatment has been associated with toxicity. Nevertheless, other factors must also be taken into account when dealing with aneugenic chemicals. Thus, one should consider the possible interaction of Cyt-B, which affects actin filament assembly (Lin etai, 1982) , with colchicine, which inhibits polymerization of tubulin, as has been demonstrated by Antoccia etal. (1993) in human fibroblasts. These authors did not obtain any increase in MN frequency after simultaneous treatment with both chemicals. Nevertheless, it is possible that this interaction depends on the cell type used, as shown by Lotfi and Machado-Santelli (1996) using four histogenetically different cell cultures. However, the decrease in frequency of binucleated cells induced by aneugenic chemicals can be a simple consequence of metaphase arrest that prevents passage from mono-to binucleated cells, as shown in our study. However, although the decrease in binucleated cells is accompanied by an increase in first division arrested metaphases, our results also show a significant increase in the frequency of mononucleated cells as a consequence of the treatment.
The assumption that the increase in mononucleated cells is due to replicated cells that failed to become binucleated is demonstrated by the fact that a significant proportion of these mononucleated cells are polyploid (three or more signals for the X and 1 chromosomes). The fact that the highest polyploidy level was found at the lowest concentration tested can be explained by a greater efficiency of higher concentrations to arrest the cells at metaphase.
In this work the mononucleated cells constitute a mix of polyploid and non-blocked cells, some of which are aneuploid cells, according to the demonstrated ability of colchicine to induce non-disjunction in binucleated cells. The appearance of mononucleated cells with MN suggests, as indicated, the existence of an incomplete blocking action of Cyt-B, which produces two mononucleated cells instead of one binucleated cell, as previously reported by Surrallds etai, (1992 Surrallds etai, ( , 1994 , although the existence of an increased proportion of nonblocked cells as a consequence of a possible interaction between colchicine and Cyt-B (Antoccia etal., 1993) should not be dismissed. Also, we should consider the proportion of mononucleated cells that are polysomic or micronucleated in vivo before the first in vitro division. In this respect, a recent report suggests that uncultured cells also contain a considerable proportion of MN, most of them harboring whole chromosomes, mainly X chromosomes (Surralle's et al., 1996b) . However, this basal contribution is eliminated by comparing every concentration with the control.
The possibility of a failure in blocking the second division is not probable, due to both the efficiency of the Cyt-B concentration used (6 (ig/ml) and the fixation time (72 h) used (Zijno etal, 1994) .
Although this work shows that colchicine induces nondisjunction of the X chromosome, it must be pointed out that this chromosome shows a particular behavior during segregation. Thus, preferential age-related X chromosome loss and non-disjunction have recently been found (Hando etal., 1994; Richard et al, 1994; Catalan et al, 1995; Surralle's et al, 1996b; Zijno et al, 1996) , but without preferential loss of the inactive X chromosome (Surralles et al, 1996a) . Nevertheless, this specificity does not significantly affect our conclusions on the ability of colchicine to induce non-disjunction, especially if we take into account that the donors were young women and that this chemical has also been shown to induce nondisjunction of other human chromosomes (Zijno et al, 1996) . This finding is indirectly corroborated by our data on polysomy of chromosomes 1 and X, since a similar level of polysomy was detected for both chromosomes. On the other hand, we could not see any preferential involvement of the X chromosome in polysomy when compared with chromosome 1, except for one concentration of colchicine. Eastmond and Pinkel (1990) reported a colchicine doserelated increase in the frequency of cells with three or more hybridization signals for the X chromosome. However, they could not differentiate between polysomy and polyploidy, as only one probe was used in their study. Here we provide evidence for a preferential induction of polyploidy by colchicine when compared with polysomy, suggesting that most of the cells with three or more signals found by Eastmond and Pinkel were actually polyploid cells.
If, in addition to the induction of MN in binucleated cells, the other effects induced by colchicine, namely non-disjunction, polyploidy, MN in mononucleated cells and metaphase arrest, are considered, it can be observed that only the latter shows considerable expression at the highest concentration tested. This would suggest that metaphase arrest could be the most drastic action of colchicine on tubulin polymerization.
Taking into account that induction of chromosome loss by an aneugenic agent is only one of the possible effects resulting from interaction with the tubulin polymerization process, a comprehensive evaluation of the aneugenic ability of a particular chemical should include study of the different aneugenic effects considered in the present work.
